Protamines are arginine-rich proteins that replace histones and bind sperm DNA during spermatogenesis in vertebrates. Previous studies have shown that protamine exons evolve faster than does the protamine intron. It has been suggested that this is a result of a relaxation of functional constraint. However, a more likely explanation is that the evolutionary rate of exons has been accelerated by positive Darwinian selection, because introns are generally believed to evolve in a neutral fashion. Therefore, we examined the possibility that positive selection has been acting on the protamine genes of three groups of placental mammals: primates (hominoids and Old World monkeys), rodents (mice, rats, and guinea pigs), and pecoran ruminants (deer and bovids). We found that the nucleotide substitution rate at nonsynonymous sites is significantly higher than the rate at synonymous and intron sites for protamine P1 of hominoids and Old World monkeys. This result suggests that positive selection has been operating on protamine P1 of these species. In contrast, no clear-cut evidence of positive selection was found for protamine P1 of ruminants and rodents or protamine P2 of primates. The agent of positive selection on primate protamine P1 remains unknown, though sperm competition is a possibility. Further investigations on the function and intraspecific polymorphism of this protein are needed in order to identify the selection agent.
Introduction
Mammalian sperm DNA is the most densely packed form of eukaryotic DNA. For example, sperm DNA is six times more highly condensed than somatic chromosome DNA in the mouse (Ward and Coffey 1991) . This highly condensed form is thought to be achieved by packaging of DNA molecules in side-byside linear arrays, brought about through the action of protamines (Ballhorn 1982; Ward and Coffey 1991) . Protamines are small arginine-rich proteins that replace histones during the process of sperm nucleus condensation in spermatogenesis (Oliva and Dixon 1991) . A large number of positively charged arginine residues allows protamine P1 to bind and condense negatively charged sperm DNA, presumably by inserting into the minor groove of the DNA helix (Ballhorn 1982; Ward and Coffey 1991) . There are two types of protamines in mammals: protamine P1 is the major sperm protamine, whereas protamine P2 is expressed only in primates and rodents . In primates, protamine P1 contains 50-53 amino acid residues , while the number in protamine P2 is between 99 and 102 . In all placental mammals examined to date, protamines have been found to contain several cysteine residues that form a crystallinelike structure through the formation of disulfide bridges in the mature sperm nucleus (Ballhorn, Corzett, and Mazrimas 1992; Queralt et al. 1995; Retief et al. 1995a ). Thus, the sperm nucleus of placental mammals is much more stable than the sperm nuclei of marsupials, monotremes, or other vertebrates whose protamines lack cysteine residues (Ward and Coffey 1991; Ballhorn, Cor-zett, and Mazrimas 1992; Queralt et al. 1995; Retief et al. 1995a Retief et al. , 1995b .
Protamines P1 and P2 have been reported to show an overall rapid rate of sequence divergence among mammalian species Retief et al. , 1995a Queralt et al. 1995) . noted that the two exons of the protamine P1 gene in primates evolve faster than the single intron, a pattern also observed for the protamine P2 genes of primates . It has been suggested that the unusually high variability of protamine P1 exons is indicative of a relaxation of functional constraint , although no explanation has been offered for the observed pattern in the primate protamine P2 gene. However, a significantly higher rate of exon divergence in comparison with that of introns is a feature of positive selection. Therefore, we reanalyzed protamine P1 and P2 sequences from primates, as well as protamine P1 sequences from rodents and pecoran ruminants, in order to gain a better understanding of the evolutionary mechanisms underlying protamine evolution. Specifically, we examined the plausibility of positive selection in protamines by comparing the rates of nucleotide substitution at synonymous, nonsynonymous, and intron sites. GenBank or from the literature Queralt et al. 1995) . We examined the single intron and the coding sequences of both exons for all species examined. (Herein, we refer to the coding sequences of exons 1 and 2 combined as, simply, ''exon.'') These sequences were aligned by taking into consideration the deduced amino acid sequences. Because of the relatively large sequence divergence, we analyzed primate, rodent, and ruminant sequences separately in order to minimize the confounding influence of multiple hits and uncertainties in sequence alignment. Any alignment site containing a gap was omitted from the analysis. Alignments are available on request.
Materials and Methods
We first computed Kimura's (1980) distances separately for both exon (d E ) and intron (d I ) sequences of all species pairs within each group. The mean values of d E and d I and their standard errors were also computed. This was done by using a test version of the software MEGA2 (S. Kumar et al., unpublished) . In addition, the numbers of synonymous (d S ) and nonsynonymous (d N ) substitutions per site were computed for each pair of sequences within groups by using a modified version of the Nei and Gojobori method (Nei and Gojobori 1986; Zhang, Rosenberg, and Nei 1998) . For each species group, the mean values of d S and d N and their standard errors were computed using MEGA2. In all cases, standard errors were computed by using the bootstrap method with 500 replicates.
We also employed the method of Zhang, Kumar, and to test for positive selection. In this method, the numbers of synonymous (s) and nonsynonymous (n) substitutions per sequence are computed for each branch in a phylogenetic tree. The values of s and n are then compared with their expected values under the null hypothesis of neutral evolution. In order to compute s and n, the ancestral sequences of all interior nodes in the tree must be inferred. Here, we used the distancebased Bayesian method . As the species studied were closely related, the inferred ancestral sequences were reliable . In addition, the number of nucleotide substitutions in intron sequences (i) for each branch in the tree was estimated in this manner. The numbers of potential synonymous sites (S) and potential nonsynonymous sites (N) were estimated using the modified Nei-Gojobori method (Zhang, Rosenberg, and Nei 1998) , while the potential number of intron sites (I) was set equal to the entire intron sequence length. Fisher's exact test was subsequently utilized to test the significance of the difference between n/N, s/S, and i/I, which should be equal under strict neutrality.
Results and Discussion
Pairwise distances were found to be greater in the exon sequence of protamine P1 than in the intron for the primate species examined, and the mean d E was significantly higher than the mean d I (t ϭ 2.87, P Ͻ 0.005; table 1). A greater sequence divergence in the exons than in the intron was observed only in some ruminant comparisons involving elk (table 1) . Overall, the mean d E was lower than the mean d I for ruminants (table 1) . For the three species of rodents examined, the intron sequence divergence was greater than the exon sequence divergence in pairwise comparisons, and the mean d E was significantly lower than the mean d I across species (t ϭ 2.70, P Ͻ 0.005; table 1). Here, positive selection may be difficult to detect due to a saturation effect in amino acid substitutions among distantly related sequences (e.g., Tanaka and Nei 1989) . Alternatively, the evolutionary forces affecting rodent protamine P1 may be different than those for primates and ruminants. Therefore, a study of protamines among closely related rodent species may be an interesting avenue for future investigation. However, we did not investigate the rodent sequences any further, because we did not see a higher rate of substitution in the exon sequence than in the intron. For primate protamine P2, a greater sequence divergence in the exons than in the intron was observed, although the mean d E was not significantly different from the mean d I (t ϭ 0.77, P Ͼ 0.1; Note.-Fisher's exact test was used to examine homogeneity of substitution rates at nonsynonymous sites versus combined synonymous plus intron sites (see Zhang, Kumar, and Nei 1997) . The Ts/Tv ratio was 2.0 for all comparisons. The total numbers of intron sites (I) were 96 for primate protamine P1, 106 for ruminant protamine P1, and 162 for primate protamine P2.
was not statistically significant either (table 1 ). An alternative approach to examining the evidence for positive selection in cases involving small numbers of substitutions and a well-established phylogeny is to utilize the phylogenetic approach of Zhang, Kumar, and Nei (1997) . Since the relationships of the primate species examined in this study are highly corroborated (Ruvolo 1997) , we plotted the numbers of substitutions per sequence on the species phylogeny shown in figure 1. The posterior probability of inferred ancestral sequences was 98%-99% for the protamine P1 exons and 99%-100% for the protamine P1 intron. We observed that the total numbers of synonymous and nonsynonymous substitutions in all branches of the tree were 9 and 31, respectively, and the numbers of synonymous and nonsynonymous sites were 43 and 107, respectively ( fig. 1) . Therefore, the rate of nonsynonymous substitution (31/ 107) was 1.4 times that of synonymous substitution (9/ 43). However, the nonsynonymous and synonymous rates were not significantly different (P Ͼ 0.1), which may have been due to the short sequence length (50 codons) of protamine P1 in hominoids and Old World monkeys. Therefore, to increase the power of the test for positive selection, we combined synonymous and intron sites to be taken as the neutral sites. A number of studies have shown that the intron and synonymous substitution rates are approximately equivalent (Hughes and Yeager 1997; Li 1997; Smith and Hurst 1998) . In addition, the synonymous substitution rate is not significantly different from the intron substitution rate for primate protamine P1 (P Ͼ 0.05). This suggests that intron sites can generally be regarded as neutral. Li et al. (1996) computed the distances between humans and an Old World monkey species for several different intron sequences. Those authors found the average to be 7.1%. In the present study, the distance between the single Old World monkey species (red guenon) and all hominoid species for the protamine P1 intron was in the range of 5.1%-7.7%, while the distance between humans and Old World monkeys was 6.4%. These comparisons indicate that the substitution rate of the protamine P1 intron is close to the average rate for hominoid and Old World monkey introns and thus validate its use as a neutral rate of nucleotide substitution. Consequently, we found that the substitution rate at nonsynonymous sites was significantly greater than the rate at intron and synonymous sites (P ϭ 0.003; table 3), suggesting that positive selection is acting on primate protamine P1.
For protamine P1 of ruminants and protamine P2 of primates, evidence of positive selection was lacking. First, negative selection was detected in ruminant protamine P1 based on a significantly lower nonsynonymous rate than the combined synonymous and intron rates (table 3). This is also reflected in the mean values of the numbers of synonymous and nonsynonymous substitutions per site, as d N is smaller than d S (t ϭ 2.1, P Ͻ 0.05; table 1). For this test, we used the topology ((elk, (moose, white-tailed deer)), (European cattle, gazelle)), which is based on the current classification of pecoran ruminants (Nowak 1991) . Second, neutrality could not be rejected for primate protamine P2 (table 3) . The tree topology used in this test was identical to that shown in figure 1 except that the two macaque species, sharing a sister taxon relationship, replaced red guenon. However, the fact that the nonsynonymous rate is slightly greater than the synonymous and intron rates (tables 2 and 3)
suggests that positive selection may have operated at a weak level in primate protamine P2 despite the fact that a relaxation of functional constraint might also explain the observed substitution pattern.
Because strict neutrality could not be rejected in comparisons of d N and d S of primate protamine P1, one might question the hypothesis of positive selection in favor of a hypothesis of relaxation of functional constraint. Our test of positive Darwinian selection that involves the comparison of n/N with (s ϩ i)/(S ϩ I) depends on the assumption that intron and synonymous sites are neutral and not subject to purifying selection. Previously, we showed that the substitution rate of the protamine P1 intron of hominoids and Old World monkeys is similar to the average intron rate for these species groups. Despite this fact, it is possible that different genomic regions do not have the same mutation rate (Wolfe, Sharp, and Li 1989; Casane et al. 1997) . In cases in which the mutation rate of an individual intron is higher than average, the substitution rate of this intron may still appear to be similar to the average rate if purifying selection is operating. It has been shown that regulatory elements exist in the introns of certain genes (e.g., Tiffany, Handen, and Rosenberg 1996) , suggesting that purifying selection might occur in such instances. It would be interesting to examine whether such elements exist in the protamine P1 intron. If so, the number of potentially variable sites in the intron will be smaller than the I value used in our analysis. Nonetheless, we found that our test of Darwinian selection will give a positive result even when the number of variable sites in the intron constitutes only 61% of the total intron length. In reality, this proportion is likely to be substantially higher, which suggests that our test result is robust.
Although our results suggest that positive selection has been operating on protamine P1 of hominoids and Old World monkeys, the specific selection agent is unknown. Positive selection has been found in a number of genes associated with male reproduction (Lee and Vacquier 1992; Swanson and Vacquier 1995; Metz and Palumbi 1996; Tsaur and Wu 1997; Civetta and Singh 1998; Vacquier 1998) . Several hypotheses have been put forth to explain positive selection in these cases, but the exact reason is unclear. For hominoid and Old World monkey protamine P1, we suspect that positive selection may be driven by sperm competition (Harcourt 1991; Baker and Bellis 1995) . In systems in which paternal investment is important, a diverse array of sperm morphologies in a single male is believed to be beneficial in sperm competition, in which sperm with different morphologies act to reduce the fertilization success of other males (i.e., the Kamikaze Sperm Hypothesis; Baker and Bellis 1995). As heterogeneity in sperm nucleus shape may arise from heterogeneity in chromatin condensation (Curry and Watson 1995) , protamine P1 might play a role in allowing for a diverse array of sperm morphologies in primates. However, the validity of the Kamikaze Sperm Hypothesis is still open to debate (Harcourt 1991) . Nonetheless, it would be particularly helpful to have a study of protamine P1 polymorphism for at least one hominoid species. If sperm competition is the cause of positive selection, one would expect a high level of polymorphism at nonsynonymous sites. Until such information has been obtained, the above hypothesis cannot be considered sufficient to explain positive selection in protamine P1, so the reason for this phenomenon remains elusive.
